no information exists on the association between oral hygiene and these causes of mortality in non-Western populations.
The literature evaluating a potential association between oral health and cancer is sparse. Most reports have focused on associations between oral health and oral cancer. 4, 5 The majority have found a significant association after adjustment for use of tobacco and alcohol. Studies from China, 6 Germany, 7 Japan, 8 and Turkey 9 which examined tooth loss and gastric or oesophageal cancer have also reported increased risk associated with poor oral health and/or hygiene. Previously, we reported an association between tooth loss and risk of upper gastrointestinal (GI) cancers in a Chinese cohort. 10 Linxian, a mostly rural county in north-central China, with a population of approximately 1 000 000, has some of the highest rates of oesophageal and gastric cardia cancer in the world in addition to high rates of stroke. Approximately 85% of all cancer deaths and 28% of total deaths are due to a combination of oesophageal and gastric cancers. Most people in Linxian eat little meat, have low body mass index (BMI), and have low cholesterol. This population has a number of borderline nutritional deficiencies, including most vitamins and minerals. Smoking is restricted to men, but about 33% of males have never smoked. These characteristics distinguish the Linxian population from previously studied Western populations, and may make it more representative of populations in the developing world.
Since 1985 we have been studying a cohort of 29 584 individuals from Linxian, People's Republic of China. Originally, these individuals were recruited as subjects in a randomized placebo-controlled trial called the General Population Trial. The trial lasted from 1986 to 91 and tested the effects of vitamin and mineral supplementation on oesophageal and gastric cancer incidence and mortality, and mortality due to other causes. The design, conduct, and results of that trial have been reported. [11] [12] [13] In the current study, we examine the associations between tooth loss and total death, upper GI cancer death, other cancer death, heart disease death, and stroke death in this cohort of individuals from the General Population Trial over the 15 year period 1986-2001.
Methods

Cohort population and variable definition
The Nutrition Intervention Trial General Population Trial design and methods have been reported. 14 The General Population Trial cohort consists of 29 584 subjects aged 40-69 at baseline who were recruited from four communes. Sixty one per cent of the eligible participants enrolled in the trial and took part in the baseline screening exam. At the time of study recruitment, March-May 1985, subjects completed a questionnaire and received a brief physical examination. As part of this baseline interview, subjects received an oral exam and trial participants were asked if they had lost any permanent teeth. Interviewers then counted the number of remaining teeth in all those who reported missing teeth. Those subjects who reported no missing teeth were assumed to have 32 teeth. We excluded subjects without data for number of teeth lost at baseline, 2.4% of the cohort.
Other information collected at the baseline interview and examination included age, sex, height, weight, tobacco consumption (current smoking, past smoking, age of commencement, age of cessation, and typical intensity for both cigarette and pipe tobacco), ethanol consumption, and systolic and diastolic blood pressure.
Throughout the 15 years of follow-up, cancer incidence and cause-specific mortality was ascertained on a monthly basis by village doctors. Mortality was classified into one of 61 categories used by Chinese physicians at the start of the trial. During the 5.25 years of the trial, each subject was contacted monthly by the village doctor. In the 10 years subsequent to the end of the trial, information on the incident cancers and causes of death of our subjects have been obtained each month from the records of the village doctors. Periodically, medical records have been reviewed at all medical facilities in Linxian and the Cancer Hospital in the prefecture capital of Anyang. In 1991, 1996, and 2001 all living cohort members were interviewed and examined. Since the initiation of the trial all diagnoses of incident and fatal cancers have been reviewed by a panel of experts. Through the 1996 follow-up this consisted of both Chinese and US experts. Subsequent to 1996 the review has been by Chinese experts alone. There is confirmatory diagnostic material (e.g. X-rays, cytology, histology) for approximately 90% of the cancers. Throughout the study the non-cancer deaths reported by the village doctors have been reviewed by senior Chinese clinicians. Most of these diagnoses are based on clinical histories.
In this study, we examine the association of tooth loss with all deaths, and the cause-specific categories deaths from upper GI cancer, heart disease, stroke, and other cancer. These categories account for 85% of all the deaths. Only two other causes of death exceeded 2% of all deaths, accidents (n = 370) and liver cirrhosis (n = 194). Deaths due to oesophageal, gastric cardia, and non-cardia gastric cancers (hereafter upper GI cancer) accounted for 51%, 23%, and 10% of total cancer deaths, respectively. The remaining 16% of cancer deaths were mainly liver, lung, and colorectal cancers. We separated the upper GI cancer deaths from the others because: (i) we previously observed an association between upper GI cancer deaths and tooth loss based on the first 5.25 years of follow-up of this cohort; (ii) the risks were similar between individual upper GI sites 10 ; and (iii) since this group represents the vast majority of cancer deaths, it would determine any associations with a total cancer outcome.
Ninety-five per cent of heart disease deaths were originally classified into five categories: congestive heart failure (50%), ischaemic heart disease (18%), hypertensive heart disease (16%), or other circulatory problems (10%). Since there is both clinical and aetiologic overlap in these categories we combined them into one category. The other 5% included rheumatic heart disease (5%) or congenital heart disease (Ͻ1%). These we also included in the heart disease category.
Stroke death included all cerebrovascular events. Advanced imaging techniques were not widely available in rural China and autopsies are rarely performed, due to social mores, so we could not distinguish between haemorrhagic and ischaemic strokes. Population statistics in China indicate that approximately two-thirds of the strokes are ischaemic. 15 In 1994 we independently assembled several hundred clinical histories of deaths classified by the village doctors as stroke and found all to be consistent with that diagnosis. Follow-up time was calculated as days from the start of intervention in May 1986 until the day of death or though May 2001. A small number of the cohort was lost to follow-up (n = 244, 0.85%) and those individuals were censored at the last time their vital status was known.
Statistical methods
There was a strong positive association between tooth loss and age with R 2 = 0.26. 10 There was also a strong positive association between age and risk of death for each of our outcome variables. Using either ordinary least squares or loess regression we found that the tooth loss distributions were asymmetric and heteroscedastic around the regression means. This persisted despite higher order polynomial terms and variable transformation. Consequently, we estimated the median tooth loss at each age by a loess smooth of age-specific medians. The median number of subjects was 489 for each year of age used in creating these cut-offs. The optimal neighbourhood size for smoothing was chosen using cross-validation. 16 We classified individuals into two categories depending upon whether their tooth loss was greater than the loess predicted median for their age. This dichotomous variable was used as the exposure measure to estimate the association of tooth loss with other baseline covariates, as well as the association of tooth loss with mortality outcomes. We estimated the former using logistic regression and the latter using the Cox proportional hazards (CPH) models described below.
We built parsimonious CPH models for all outcomes by testing the addition of age, sex, smoking, drinking, height, weight, and systolic blood pressure and only included those variables that changed the beta coefficient for tooth loss. Given the potential importance of smoking as a confounder, we tested different parameterizations of tobacco use and found no material changes in the risk estimates with either duration, intensity, or cumulative use (duration ϫ intensity), so we retained ever-smoking у6 months as our exposure variable. We sequentially tested for effect modification of the tooth lossmortality associations by adding interactions terms between tooth loss and age, smoking status, and sex. Since only 0.23% of women were ever-smokers, we put forward separate risk estimates for females, never-smoking males, and ever-smoking males for the outcomes in which smoking was an effect modifier. We used models that allowed time-dependent relative risks (RRs) to test for deviations from the proportionality assumption. No such deviations were detected. All P-values are from two-sided likelihood ratio tests comparing nested models. Values Ͻ0.05 are considered statistically significant. Statistical analyses were conducted using SAS software (SAS Institute, Cary, NC) and Epicure (HiroSoft International, Seattle, WA).
Results
Overall, cohort members who died during the 15 year followup period were older, more likely male, more likely smokers, had higher systolic blood pressure, and had more lost teeth than the cohort as a whole (all P Ͻ 0.0001) ( c Interquartile range (25th-75th percentile).
d Ever-smoking is defined as ever consuming tobacco for у6 months.
e Drinking is defined as intake of any ethanol in the previous 12 months. Age-specific medians and quartiles were estimated using loess regression as described in the Methods section. This distribution was used to define exposure to tooth loss for our risk calculations. Individuals above the median for tooth loss for subjects of the same age at baseline were considered exposed
Age at baseline (yr) Age at baseline (yr) Age was the only variable that explained a substantial proportion of the total variability (R 2 = 0.26). Figure 1 is a graph of the median number of teeth lost vs the age at baseline. With increasing age, cohort members showed increases in both the median number of teeth lost and variation in the number of teeth lost. To adjust for this dependency of tooth loss on age, we created a dichotomous tooth loss variable based on whether an individual's tooth loss was greater than the median for cohort subjects of the same age. We used logistic regression to examine the strength of the association between the dichotomous tooth loss variable and the variables in Table 1 . We found that the odds of tooth loss were lower in non-smoking males than in females odds ratio (OR) 0.47 (95% CI 0.43-0.50). Among males, smoking increased the risk of tooth loss by 35%, OR 1.35 (95% CI 1.25-1.46). Drinking was not an important predictor of tooth loss. Neither were indicators of general health, such as illness which precludes work or the number of colds in the previous 12 months, among others. None of the 15 different food types examined was associated with tooth loss, but minimal variation in food consumption reduces the ability to detect the association between the diet and other factors. Table 2 presents the RR (95% CI) of total and cause-specific mortality for age (by decade), sex, and ever-smoking. Age and being male were significant risk factors for all outcomes. Age conferred the greatest increased risk for heart disease, RR 4.11 per decade. Ever-smoking was associated with increased risk of total, upper GI cancer, and heart disease mortality, but the risk elevations were more modest than those associated with age. Table 3 presents the RR for total and cause-specific mortality by tooth loss. We found that individuals with greater than the age-specific median number of teeth lost had statistically significant increases in total mortality and mortality from upper a The models for total death, upper GI cancer, other cancer, and heart disease were adjusted for age, sex, ever-smoking, and tooth loss. The models for stroke were also adjusted for height, weight, and systolic blood pressure. b All P-values came from likelihood ratio tests comparing nested models.
c Age interaction RR per 10 years of age = 0.89. and 5 (0-12) for males. Smoking was essentially limited to males with 0.23% of females being ever-smokers. Among male smokers, the median IQR was 10 (7-20) cigarettes smoked per day, 27 (19-36) years total duration of smoking, and 15.5 (7.8-25) cumulative pack-years.
In our prior analysis we examined whether age, sex, smoking, drinking, measures of overall health status, and intake of certain foods were associated with the number of teeth lost. 10 Figure 1 ).
b The models for total death, upper GI cancer, other cancer, and heart disease were adjusted for age, sex, and ever-smoking. The models for stroke were also adjusted for height, weight, and systolic blood pressure. c All P-values came from likelihood ratio tests comparing nested models.
d Risks for tooth loss are presented within individual sex-by-smoking stratum when interaction tests indicated that there was a statistically significant difference between the risk from tooth loss in smokers and non-smokers. Since in this cohort only males are smokers, there is no female-smoker category. e Upper GI cancer models include adjustment for an interaction between tooth loss and age at baseline (P = 0.015). The relative risk in the table is for individuals who were 40 years. The RR of tooth loss decreases by a factor of 0.89 for each additional 10 years of age. See Results section for the RRs of tooth loss estimated within three separate age strata. f P-value for upper GI cancer comes from a 2Њ of freedom likelihood ratio test where the larger model contains terms for both the main effect of tooth loss and the interaction of tooth loss with age.
GI cancer, heart disease, and stroke. Tooth loss was associated with increased risk of total mortality and stroke mortality by approximately 11%, and upper GI cancer and heart disease mortality by approximately 30%. For total, upper GI cancer, and heart disease mortality the effect of tooth loss was significantly different in smokers and non-smokers. However, the magnitude of these differences in risk did not vary greatly between male never-smokers or male ever-smokers. Regardless of smoking status, tooth loss was associated with an increased risk of mortality. For upper GI cancer and heart disease, risk estimates for tooth loss were higher in male never-smokers than in male ever-smokers.
Age was a significant effect modifier of the upper GI cancer mortality and tooth loss association (P = 0.015) with the greatest increased risk in the youngest subjects. There were 547, 1121, and 957 cases of upper GI cancer among subjects Ͻ50, 50-59, and у60 years respectively. The RRs were 1.25 (95% CI 1.06-1.48), 1.18 (95% CI 1.05-1.33), and 0.99 (95% CI 0.87-1.13) in these three strata.
Discussion
In this prospective cohort study, we examined the association of tooth loss with total and cause-specific mortality over a 15 year period in approximately 30 000 individuals from rural China. We found that subjects with greater than the age-specific median number of teeth lost had a 13% increased incidence of mortality from any cause. The three most frequent causes of death in this cohort, upper GI cancer, heart disease, and stroke, were elevated by 35%, 28%, and 12%, respectively. For deaths from other cancers, the risk elevation was a statistically insignificant 7%.
Previous studies in Western populations have reported an increased risk of heart disease and stroke in subjects with periodontal disease. In those studies smoking was strongly associated with both the markers of periodontal disease and the causes of death, particularly heart disease deaths, suggesting that the significant associations could be due to residual confounding. 3 In our population we found a positive association between smoking and tooth loss, although the magnitude was smaller than in US studies. 17, 18 Several features unique to our study allowed us to separate more precisely the effect of tooth loss in never-and ever-smokers. Nearly 16 000 of our subjects were female, and fewer than 40 had ever smoked tobacco. In females, tooth loss significantly increased the risk of all-cause mortality. Although, when examined separately by sex, the estimates in females tended to be lower than those in males, these differences were generally small. About two-thirds of the male subjects had ever smoked tobacco regularly for more than 6 months. For deaths due to upper GI cancer and heart disease we calculated RRs in never-and eversmokers separately, and found that the increased risk was greater among never-smoking males. We conclude that given the prospective assessment of smoking, the smoking characteristics of our population, the magnitude of the association of smoking with tooth loss, and the consistency of the direction of the risk estimates in the sub-groups, residual confounding by smoking could not account for the finding that upper GI cancer and heart disease mortality were increased in individuals with greater tooth loss.
A second concern raised in multiple review articles is the subjectivity of the oral health exposure measures used in previous studies. 1,2 Both probing and non-probing indices (e.g. Russell's periodontal index) have been used with different cut-offs for the presence of periodontal disease, even within the same cohort. 18, 19 In our study, we used tooth counts as ascertained by physical examination at study baseline. This measure is objective, and since it was gathered prospectively, uninfluenced by subsequent outcome. Tooth loss is typically the result of trauma, caries, or periodontal disease. We recently conducted a dental health survey in Linxian in which ~600 subjects received comprehensive oral health examinations. In this surveyed group we found that moderate to severe periodontal disease was common, while caries were less common (unpublished data). This suggests that tooth loss, in this population, is primarily due to periodontal disease. The accuracy of this supposition, however, affects only the biological mechanisms we propose below and not the accuracy of the risk estimates we report.
As in any epidemiological study, unmeasured confounders could explain the associations we found between tooth loss and total, upper GI cancer, heart disease, and stroke death. Tooth loss could be a marker for another chronic disease, which is causally associated with each of our outcomes. The subjects in our cohort were originally recruited as participants in a randomized trial, and one eligibility condition required that subjects be free of chronic disease. Therefore, we think it unlikely that diseases detectable by a questionnaire and/or a physical examination gave rise to the associations we report, especially in light of the widespread exposure to tooth loss and the large number of deaths in the cohort. Furthermore, we found no correlation between tooth loss and simple measures of general health, such as the number of colds in the previous 12 months. 10 Inclusion of these variables in the risk models did not alter our results. Tooth loss is also correlated with lower socio-economic status (SES) in the West, suggesting that SES could be a confounder of our tooth loss disease associations. But, our cohort was drawn exclusively from rural villages and ~98% of our subjects reported their occupation as farmer. This homogeneity suggests that confounding by SES is unlikely to explain our results.
Previous studies and reviews have discussed potential causal mechanisms that might explain the association between tooth loss and systemic disease. For upper GI cancer, one potential explanation is that tooth loss might alter the dietary pattern to one that increases the risk of disease. In this population, we saw only very small correlations between tooth loss and diet, making this explanation unlikely. Second, authors have hypothesized that tooth loss would cause individuals to swallow large, poorly chewed boluses of food which might irritate the oesophagus. 20 Since we have no measure of size of food swallowed, or the impact of tooth loss on that size, we cannot directly address this hypothesis. However, in our earlier study of tooth loss and upper GI cancer in this population we found the elevated risk was associated with the first teeth lost, not the last teeth lost. In the current analysis we see the strongest association in younger persons, who have fewer teeth lost. Both findings suggest that increased risk of upper GI cancer occurs prior to the extensive tooth loss that would be required to impair chewing significantly. Finally, we previously found that tooth loss was associated with an increased risk of cancer in the body of the stomach 10 , an organ that is unlikely to be affected by the mechanical trauma hypothesis.
The strongest hypothesis relating tooth loss to upper GI cancer is that tooth loss is associated with an oral flora that preferentially produces carcinogenic by-products which increase the risk of upper GI cancer. For example, individuals with tooth loss may have a greater burden of an oral flora that is more effective in the reduction of nitrate to nitrite. This nitrite can then spontaneously react with amines and be converted to carcinogenic nitrosamines. 21 Nair et al. demonstrated that poor oral hygiene is associated with increased exposure to nitrosamines 22 and some nitrosamines have been demonstrated to be gastrointestinal organ-specific carcinogens. 23, 24 Acetaldehyde and reactive oxygen species are two additional potential carcinogenic metabolites produced by oral bacteria.
For cardiovascular diseases, several potential mechanisms have been proposed in the literature for the increased risk observed in individuals with poor oral health. These include infectious agents collaborating in atheroma formation, indirect effects of chronic inflammation, and common genetic predisposition to periodontal disease and vascular diseases (reviewed 25, 26 ). We have no direct evidence to support or refute any of these hypotheses but the latter two merit further discussion.
Periodontal disease results from bacterial infection, and the disease severity appears to be modulated by host-responses. 27 The host-response to periodontal infection can lead to systemic exposure to pro-inflammatory cytokines. Host-responses to Helicobacter pylori-induced inflammation play a role in gastric cancer. 28 The role of chronic inflammation in oesophageal squamous cell carcinoma, the histological type of oesophageal cancer seen in Linxian, is less clear, but use of nonsteriodal anti-inflammatory drugs (NSAID) has been shown to protect against both oesophageal and gastric cancer. 29 NSAIDs also have protective effects for heart disease. 30 Thus, periodontal disease may increase the risk of both upper GI cancer and heart disease through the chronic release of inflammatory mediators.
Individual responses to inflammation are partially due to genetic variation. As previously noted, upper GI cancer, heart disease, and periodontitis have all been linked to host-responses to inflammation. Thus, it is possible that periodontitis, rather than being the cause of upper GI cancer and heart disease, is a marker for genetic factors which underlay all three diseases.
All previous studies evaluating the association between oral health and cardiovascular disease have been performed in Western populations. Our cohort is quite distinct from Western populations in its dietary habits, lower median BMI and cholesterol, and limited smoking and drinking habits, and, with regard to these characteristics, more representative of populations throughout the developing world. As in most areas of the developing world, this population has had little access to preventive dentistry. Our findings indicate that total mortality and certain specific causes of mortality in the Linxian population are significantly elevated in individuals with periodontal disease, and if causal, suggest that the provision of routine dental care and other dental public health interventions might lead to reductions in early death.
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